Buckling Restrained Braced Frames (BRBFs) are widely used as seismic force resisting systems due to their ductility and energy dissipation. However, because of the modest overstrength and relatively low post-yielding stiffness, BRBFs subjected to seismic loading may be susceptible to concentrations of story drift and global instability triggered by P-∆ effects. Due to the use of simplistic methods that are based on elastic stability, current code design provisions do not address seismic stability rigorously and do not consider the particular inelastic response of a system. Design strategies are needed to prevent undesirable seismic response in BRBFs, such as drift concentration and large residual drift. This study used the FEMA P-695 Methodology to evaluate the response of current U.S. code-based BRBF designs and to study the effect on seismic stability of three potential enhancements: strong-axis orientation for BRBF columns, gravity column contribution, and a BRBF-SMRF dual system. Results from nonlinear static and dynamic analyses allowed assessment of seismic behavior. Results from collapse performance evaluation quantify the improvement that is achieved with each alternative and provide a means of comparison.
Introduction
Buckling-restrained braced frames (BRBFs) have been extensively used in the United States in view of the stable symmetric cyclic response of buckling-restrained braces (BRBs) that provides significant energy dissipation capacity and ductility. Furthermore, favorable seismic performance of BRBFs has been demonstrated by numerous analytical and experimental studies. As a seismic force-resisting system (SFRS), a BRBF experiencing P-∆ effects must be capable of maintaining global stability during seismic loading. However, reliably ensuring seismic stability in buildings is not straightforward due to the complexity and uncertainty associated with earthquake characteristics and inelastic dynamic structural response. Although research efforts have expanded the knowledge about the topic, they have not resulted in direct methods that can be incorporated in seismic building codes. In the absence of a direct approach, current design provisions address P-∆ effects primarily from the perspective of elastic stability. Member forces coming from seismic loading are amplified according to stability coefficients, which are based on static equilibrium of a simplified SDOF model that is extrapolated on a per-story basis. Due to this simplification, the process does not directly address the complex response of a building in the inelastic range under P-∆ effects and does not consider particular characteristics of a system.
Despite the favorable seismic performance that this system has exhibited in previous studies, BRBFs also have vulnerability to dynamic instability. The tendency of multistory structures to develop story drift concentration is closely related to dynamic instability issues due to the potential formation of story mechanisms that lead to collapse. For the case of BRBFs, this tendency is explained by the modest overstrength and relatively low post-yielding stiffness of the system, which can also lead to problematic residual drifts [1, 2] . Moreover, the collapse capacity of BRBFs can be comparable or even lower than that of typical CBFs with buckling braces [3] .
Beyond code provisions, several approaches have been demonstrated to improve the seismic stability of BRBFs by reducing story drift concentration and residual drifts. These alternatives aim to provide secondary stiffness to the system so that positive global stiffness is maintained up to high levels of drift. While the negative impact of P-∆ effects on seismic stability has been identified and the improvement offered by alternatives that go beyond code provisions is evident, there has been limited investigation that quantifies the phenomena and provides a measurable comparison among the performance of the different approaches to address P-∆ effects.
The research described in this paper investigates the impact of various aspects of current code provisions on the improvement of seismic stability of BRBFs. Beyond code-based stability provisions, three potential enhancements were also evaluated: strong-axis orientation for BRBF columns, gravity column contribution, and a BRBF-SMRF dual system (DS). Moreover, two DS design approaches were studied. Nonlinear static (pushover) and nonlinear dynamic (response history) analyses are used for these evaluations. Finally, collapse performance was quantified in accordance with the FEMA P-695 Methodology [4] . Although the focus here is on BRBFs, the concerns about rigorously addressing inelastic seismic response and seismic stability are largely system-independent and should be broadly revisited in the future in ASCE 7.
Numerical Model Description
Prototype buildings. The prototype buildings used for this investigation were based on a 9-story office building model developed for a previous study [5] , with plan view and BRBF elevation as shown in Fig. 1 . To evaluate the impact of using current code provisions for seismic stability, two BRBF designs were examined: BRBF9-A, where the stability requirements of AISC 360-10 [6] were not considered, and BRBF9-1, where these requirements were included through a 2 multiplier. Using BRBF9-1 as a baseline, all other prototypes were defined to evaluate seismic stability enhancement: (1) BRBF9-2, with strong-axis orientation for BRBF columns; (2) BRBF9-3, with gravity column contribution; and (3) BRBF-SMRF dual system. For the DS, two design alternatives where studied: DS9 and DS9-P, which are explained below. Further details about the prototypes are provided by Zaruma [7] . Figure 1 . Base prototype structure [5] .
Seismic Design. All prototypes were designed using Modal Response Spectrum Analysis (MRSA) according to ASCE7-10 [8] and AISC341-10 [9] . Key design parameters are compared in Table 1 . Further details about the assumed site and parameters for seismic design are provided by Zaruma [7] . The main notions for dual system design are presented in the following discussion. For DS9, the BRBF was proportioned to resist the full design base shear and the SMRF was sized for 25% of the design seismic forces applied to the BRBF, in accordance with the minimum base shear requirement form ASCE7-10. The full design base shear was used for the BRBF considering that it is much stiffer than the SMRF and, therefore, the SMRF carries almost no base shear. The BRBF design still considered P-∆ effects; consequently, the BRBF for this dual system is identical to that of BRBF9-1. Results from DS9 and previous research on the topic motivated the development of an improved BRBF-SMRF DS design. A more detailed design procedure considering the interaction between the two systems was applied for DS9-P, during which the required strength for the SMRF was determined. The Proposed DS design consisted of the following three steps: (1) design BRBF for full lateral resistance based on MRSA, without considering the stability requirements (i.e., 2 = 1); (2) design SMRF for 50% of the seismic forces prescribed for the BRBF design; and (3) combine systems and reduce the BRBF design force based on the relative rigidity of the BRBF to SMRF. This is an iterative process in which reduction of the BRBF member sizes is performed until convergence is achieved for the relative stiffness between the BRBF and the SMRF. Table 1 . Prototype building seismic design parameters. Numerical Model. Numerical models were developed in OpenSees [10] for all design prototypes. The symmetry of the building floorplan allowed modeling only half of the building. All columns were included in the model and a rigid diaphragm condiction was enforced. Concentrated plasticity models were used for beams and columns. The modified Ibarra-Medina-Krawinkler (IMK) deterioration model [11, 12] was used to define the rotational spring properties. For BRBFs, moment-resisting beam-column connections were assumed at the braces and pinned beam-column connections at the roof. BRBs were modeled as Corotational Truss elements between the gusset plates using Steel4 and Fatigue material. Recommended parameters for Steel4 [13] were used and the ultimate strength was calibrated with results from large-scale experimental data [14] . Krawinkler's model [15] was adopted for panel zone behavior in SMRFs. Regarding non-simulated collapse modes, a maximum ductility limit for BRBs, μ max = 30, was included in the post-processing based on ductility results from experimental testing. Further details about the models are provided by Zaruma [7] .
Nonlinear Dynamic (Response History) Analyses
A first set of nonlinear dynamic analyses was performed for all prototypes with the 22 ground motion records (44 individual components) corresponding to the Far-Field record set provided by FEMA-P695 and scaled to MCE level. Responses to a single ground motion record and to the full ground motion record set were investigated and compared. The Imperial Valley El Centro Array #11 ground motion record (GM11) was selected for the single record investigation to highlight the influence of design choices and system parameters on seismic stability. Fig. 2 shows the roof drift response for each prototype. BRBF9-A and BRBF9-1 experience non-simulated collapse with brace failure (μ max ≥ 30) in the right BRB of the fifth story at around t = 16 s. The deformed shape and plastic hinge formation at this point are shown in Fig. 4 for all the prototypes. At incipient collapse, BRBF9-A exhibited the formation of a fifth-story mechanism that lead to global instability. The use of the stability requirements from AISC 360-10 did not improve the dynamic performance of the BRBF significantly; for BRBF9-1, the same fifthstory mechanism developed. BRBF columns oriented along the strong-axis provided additional strength and stiffness to prevent the formation of plastic hinges and the subsequent story mechanism; in this manner, BRBF9-2 resisted the ground motion. Gravity column continuity showed an even higher improvement for the performance of the system. BRBF9-3 not only withstood the ground motion, but also showed reduced inelastic demand in the BRBF. The use of dual systems provided the greatest improvement for seismic performance. DS9 resulted in significantly reduced inelastic deformation demand for the BRBF. Finally, DS9-P produced similar results in terms of reduced inelasticity in the BRBF. Compared to DS9, this system appears to result in a more efficient use of the intended inelastic behavior of each system by limiting the formation of plastic response in the BRBF to the BRBs and forming a larger number of plastic hinges in the SMRF beams. Nevertheless, with the formation of plastic hinges at the eighth story SMRF columns a story mechanism appears to be developing.
Regarding the response to the full ground motion record set, story drift is used as one of the main parameters to evaluate performance for its importance as an indicator of ductility demand. Furthermore, story drift concentration could lead to instability due to P-∆ effects and residual drift greater than 0.5% might cause the building to become unserviceable after an earthquake. The maximum values of story drift, residual drift, BRB ductility (μ max ) and BRB cumulative plastic ductility (μ c ) observed for each ground motion were recorded and the statistical median for the 44 ground motion records was calculated for each quantity. Results of this process and the number of collapse cases are presented in Table 2 . Collapse cases were defined by the local BRB failure criterion (μ max ≥ 30), and the global instability criterion, in which divergence occurs in the analysis due to large drifts. Furthermore, the median story drift profiles in Fig. 4 provide additional information about the behavior of each system and illustrate stories where demand tends to concentrate.
Compared to BRBF9-A, BRBF9-1 presents a 6% reduction in median maximum story drift. The median residual story drift undergoes a more significant reduction of 21%, but it is still above 0.5%.
The story drift profiles show a similar pattern of small reductions for median maximum story drift and much more significant reductions for median residual story drift. The median residual drift profile exceeds 0.5%, showing that a BRBF designed according to current code provisions may have complications when seeking to return it to service after an earthquake of this intensity. As shown in Fig. 4(a) , the concentration of inelastic deformation is not significantly reduced. The behavior of BRFB9-2 and BRBF9-3 is very similar and both provide a considerable improvement in performance compared to BRBF9-1. The median maximum story drift is not significantly reduced, but the median residual story drift is reduced by 21% for BRBF9-2 and by 37% for BRBF9-3. Story drift profiles do not show a clear trend and demonstrate that changes in concentration of inelastic drift are small. The only consistent trend is significantly reduced median maximum drift and median residual drift for the first story while for most of the upper stories they are increased. These prototypes seem to be more affected by the columns extending into the basement, which redistributes the inelastic demand to the upper stories where P-∆ effects are less critical. The benefit of using strong-axis orientation for BRBF columns or continuous gravity column becomes more evident from the number of collapse cases. BRBF-SMRF dual systems showed the best dynamic performance and ability to combat P-∆ effects compared to all other alternatives. For DS9, the addition of the SMRF reduced: the median maximum story drift by 13% and the median residual story drift by 54%. Furthermore, the median residual story drift for DS9 is below 0.5%. Lastly, DS9 results in a significantly reduced number of collapse cases. DS9-P produced mixed results. Compared to BRBF9-1, the median maximum story drift is increased by 8% while the median residual story drift is reduced by 50% with values still over 0.5%. The median BRB ductility is increased by 10% and the median cumulative plastic 
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ductility is increased by 5%. This is not necessarily a negative indicator since BRBs have large cumulative ductility capacity and it means they are being more extensively used to dissipate energy. Finally, the number of collapse cases for DS9-P is still small, but higher compared DS9. The median story drift profiles for dual systems show a characteristic pattern: the interaction of a BRBF, that develops global flexural lateral deformation, with a SMRF, that develops global shear lateral deformation, results in a story drift profile where middle stories have larger drifts. With all values within 0.5%, residual drifts are significantly reduced in comparison to those of BRBF9-1. Drift concentration, however, is still observed. As demonstrated by the following discussion, dynamic simulations at the MCE level do not provide a complete representation of the relative performance between the dual systems.
Collapse Performance Evaluation
Results from nonlinear static and dynamic analyses were used for the collapse performance evaluation in accordance to FEMA P-695. Following the Methodology, the median collapse intensity, Ŝ CT , corresponds to the intensity at which half of the records of the Far-Field record set (i.e., 22) cause collapse [4] . Finally, the collapse margin ratio, defined as CMR = Ŝ CT /S MT , where S MT is the MCE intensity, is modified to obtain the adjusted collapse margin ratio, ACMR. The Methodology provides acceptable collapse margin ratios that are used in the collapse evaluation. For this study, with a recommended acceptable probability of collapse at MCE of 10% and a total system uncertainty β TOT = 0.529, the acceptable collapse margin ratio is ACMR 10% = 1.97. Results from the collapse performance evaluation are summarized in Table 3 , which presents important quantities from previous static analyses (overstrength, Ω, and period-based ductility, μ T ) and dynamic analyses (CMR) along with the spectral shape factor, SSF, and the adjusted collapse margin ratio, ACMR. For the acceptance check, each prototype is shown to pass or fail, based on whether or not ACMR is equal to or greater than the acceptable collapse margin ratio. This is equivalent to verifying that the collapse probability at MCE intensity is less than or equal to 10%. The collapse margin ratios are progressively higher for each prototype in the following order: BRBF9-A, BRBF9-1, BRBF9-2, BRBF9-3, BRBF9, DS9 and DS9-P.
BRBF9-A and BRBF9-1 failed to satisfy the acceptance check. By changing the weak-axis oriented BRBF columns to strong-axis oriented BRBF columns (BRBF9-2) or by providing continuous gravity columns (BRBF9-3), the collapse performance of the system improved significantly and satisfied the acceptance check. The collapse capacity (ACMR) of the BRBFs was increased by 14% in BRBF9-2 and by 35% in BRBF9-3. As expected from previous results, the improvement obtained with BRBF9-3 is superior compared to the improvement achieved from BRBF9-2. The superior performance of BRBF-SMRF dual systems compared to all other alternatives was confirmed by the collapse capacity results. These systems not only satisfied the acceptance check but also showed considerably higher values of ACMR. Compared to BRBF9-1, the collapse capacity (ACMR) was increased by 53% for DS9 and by 60% for DS9-P. Regarding the relative performance between the two BRBF-SMRF dual system design approaches, DS9-P provided better collapse performance. 
Conclusions
The performance of different prototypes was assessed in three primary stages: nonlinear static analyses, nonlinear dynamic analyses and collapse performance evaluation. Major conclusions about the influence that code provisions, BRBF column orientation, gravity column continuity, and BRBF-SMRF dual systems have on seismic stability are summarized in the subsequent discussion.
• A BRBF design in which the global stability requirements from AISC 360-10 were incorrectly ignored did not show an acceptable collapse performance. However, the use of these requirements did not improve the seismic stability significantly, and the collapse capacity (ACMR) was increased by less than 10%. Since the only change was an increased strength based on elastic stability considerations, the nonlinear behavior of these two prototypes was essentially the same. • Results from dynamic analyses show that residual drift is likely to be problematic for BRBFs after an MCE-level event, whether or not global stability requirements are used in design. • When, in addition to the use of global stability requirements, BRBF columns are oriented along the strong axis or gravity column continuity is used, significant improvement is achieved in terms of seismic stability with acceptable performance for the building in this study. • Residual drifts at MCE intensity were considerably reduced with the use of strong-axis orientation for the BRBF columns or gravity column continuity; however, the resulting values are still likely to be problematic since they are above 0.5%. • The improvement achieved with the use of strong-axis orientation is related to the increased flexural capacity of the BRBF columns that helps prevent the formation of story mechanisms. • The improvement achieved with the use of continuous gravity columns is related to the flexural strength contribution provided by the columns that helps prevent the formation of story mechanisms and distributing inelastic demands more evenly. • The improvement achieved due to the use of continuous gravity columns was higher compared to the improvement due to the use of strong-axis BRBF columns. For the building investigated in this study, there are more gravity columns than braced frame columns and this can explain the difference. Since this is a typical characteristic in most buildings, this trend is expected to be constant for most cases. • BRBF-SMRF dual systems demonstrated superior seismic stability performance and collapse capacity compared to all other alternatives. The design approach that follows the minimum base shear requirement from ASCE7-10 and the Proposed design approach resulted in a DS with equivalently robust seismic stability performance. • Both approaches for DS design resulted in a collapse performance that satisfied the acceptance criteria by a considerable margin. However, having nearly the same steel weight, the Proposed design produced higher levels of collapse performance. This confirmed that the 25% base shear rule for the SMRF design is somewhat arbitrary and that advanced analysis accounting for the interaction of the two systems is a viable approach to determine the required SMRF strength. • With a reduction of 54% in median residual drift at MCE intensity and resulting values below 0.5%, the DS design that follows the minimum base shear requirement from ASCE7-10 proved to be more effective for drift control than all the other alternatives. The Proposed DS design showed a similar reduction of 50%, but resulted in values above 0.5%. • Both approaches for DS design had the same essential dynamic behavior with a more even distribution of inelasticity. The initial stiffness of these systems is nearly the same as that of the isolated BRBFs. Therefore, the drift reduction and the performance improvement are more related to the contribution of the SMRF that remains elastic after the BRBs have yielded and later provides restoring forces and additional energy dissipation capacity. • Dynamic simulations demonstrated that the improvement demonstrated by the Proposed design is due to an even more uniform distribution of inelasticity. This is achieved by a more efficient use of energy dissipation characteristics of each system, in which the formation of plastic hinges in the BRBF is more limited to the BRBs and a higher number of plastic hinges are formed in the SMRF beams.
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